Laser-induced breakdown spectroscopy (LIBS) operated under ambient pressure has been evaluated for isotopic analysis of uranium in real-world samples such as soil, with U concentrations in the single digit percentage levels. The study addresses the requirements for spectral deconvolution of 235 U and 238 U atomic emission peaks that are only partially resolved.
Introduction
The ability to characterize uranium isotopic compositions is vital to many nuclear sub-disciplines (e.g., nuclear industry, nuclear forensics, safeguards, and regulatory agencies) [1] [2] [3] . For example, the enrichment level of 235 U provides insight into useful information about the sample, such as its origin (e.g., nuclear weapons, nuclear power or research reactor fuel, natural uranium, or depleted uranium) [2] . An enrichment level for 235 U up to 4.5% generally sets the threshold between peaceful and rogue uses of uranium [4] . Without dispute, mass spectrometry is a powerful method for uranium isotopic analysis. For heavy elements like uranium, the interactions between the electrons and the electric charge distribution of the nucleus [5] , which is isotope specific, shift the electronic energies of the atomic levels, and hence the wavelengths of the atomic emission transitions. Isotopic splitting in atomic emission lines provides a physical basis for isotopic analyses with optical atomic spectrometry, which has been demonstrated through several approaches such as atomic absorption [6] [7] [8] , atomic emission [4, [9] [10] [11] [12] [13] [14] [15] [16] [17] , atomic fluorescence [1, 18, 19] , and optogalvanic spectroscopy [20, 21] .
Photon-emission based measurements offer several unique capabilities over MS-based techniques. First, in contrast to most mass spectrometric techniques, no so-called mass bias correction is needed for U isotopic analysis in emission-based methods [15, 22] . Second, as photons are clean [23, 24] , there is no radioactive contamination to the main assembly of the instrument -a crucial issue that cannot be avoided using mass spectrometry [22] . Third, photonemission based measurements offer the option to perform standoff or remote analysis [25] [26] [27] . 4 Since the first demonstration of isotopic analysis of uranium by optical emission spectrometry with an arc discharge as the excitation source [9] , many other atomic excitation sources have been developed for isotopic analysis of U, including hollow cathode discharge operated at reduced pressure [28, 29] , inductively coupled plasma-atomic emission spectrometry (ICP-AES) [10] [11] [12] [13] [14] [15] conducted at ambient pressure, and laser induced breakdown spectrometry (LIBS)
performed either under reduced [16] or at atmospheric pressures [4, 17] . Despite the fact that the first work on isotopic analysis of uranium utilizing optical atomic emission was published at least six decades ago, such an analytical task is still challenging with current technology because, even for those isotopes that their isotopic shifts are considered to be substantial, the absolute differences in emission wavelengths are nevertheless small. For instance, U II at 424.437 nm is one of those U lines that is classified as having a large isotope shift, and has been frequently utilized for U isotopic analysis [4, 10, 12, 13, 15, 16, [28] [29] [30] [31] [32] ; the absolute magnitude in its 235 U-238 U isotope shift is only about 25 pm. Although baseline separations for the two isotopic peaks have been reported with ICP-AES operated under atmospheric pressure [11, [13] [14] [15] , the required instrumentation to obtain such spectral resolution is generally demanding. Data analysis, typically involving simple ratioing of the areas under the individual isotopic peaks [11, 14, 15, 17] , is rather straightforward if the two isotopic peaks are baseline resolved. Even with only partially resolved isotopic peaks, accurate isotopic analysis is still feasible with advanced data processing techniques, which has been demonstrated with the partial least square (PLS) calibration method [4, 10] .
Isotopic analysis of uranium by LIBS potentially offers additional advantages, but also with added challenges, over other atomic excitation sources. Samples are directly analyzed with LIBS without the need to perform laborious sample preparation (e.g., matrix separation). The 5 analysis is not only faster, but also results in less radiation dose originating from the sample to laboratory personnel [22] . Moreover, as LIBS can be performed in on-site, in-situ, and standoff fashions, the costs associated with sample collection, transportation, sample preparation, and analysis time are reduced [33] . However, emission-line widths are broadened when LIBS is employed, in particular under atmospheric pressure. The effects from both Doppler and Stark broadening are considerable at atmospheric pressure LIBS [4] , and it has been suggested that, with LIBS analysis, the two isotopic spectral profiles can be separated only under reduced pressure conditions [16] .
As spectral line emission is transient and varies with time in LIBS, a gated detector is generally necessary to obtain the optimal measured line width (which is particularly important for isotopic analysis), signal-to-background ratio and emission intensity [17, 34] . The choice of a multichannel detector that is able to register emission intensities simultaneously at an array of wavelengths and with temporal gating capability is currently very limited, and most LIBS measurements are performed with an intensified charged coupled device (ICCD). Undesirably, due to electron spreading to adjacent microchannels in the image intensifier tubes [35] , the intensifier degrades the attainable spectral resolution [36] and reductions in spectral resolution by factors of 2 to 3 have been reported [37] . Therefore, even though baseline-separated measurements of the 235 U and 238 U components at U II 424.437 nm with LIBS under atmospheric pressure has been reported [17] , both the hardware requirement and the optimization of operating conditions are challenging [17] . In cases when only partially resolved isotopic U peaks are acquired, isotope ratios still can be extracted from the spectra through the use of chemometrics (e.g., PLS), as successfully demonstrated by Doucet et al. [4] with atmospheric pressure LIBS. 6 However, the fact that PLS calibration requires the availability of a series of isotopically enriched standards potentially could be a limitation.
The goal of the present work was to develop an approach for isotopic analysis of uranium with LIBS under atmospheric pressure with relaxed calibration and spectral-resolution requirements.
Specifically, the method developed requires no calibration with isotopically enriched standards and the acquired isotopic spectral peaks only need to be partially resolved. Extraction of isotopic information was performed with deconvolution of partially resolved spectral peaks. Several spectral deconvolution algorithms were examined; different known physical properties (e.g., isotopic splitting, line broadening due to hyperfine structure) of the spectral lines were successively incorporated into the candidate algorithms as constraints. One main objective of the present study was to understand the effect of treating related fitting variables from the two isotopes as independent or linked variables on the isotopic analysis results. Another objective was to evaluate the analytical capability of LIBS for elemental and isotopic analysis of uranium in an environmental sample matrix. The sample employed in this study was U-doped soil, with U concentrations in the single percentage levels. consisted of 100 mg of SRM 2710a, was also prepared. These powered samples were individually placed into a pellet-pressing die with a diameter of 3 mm, and forces of approximately 6 tons were then applied for 3 minutes. The prepared U-doped soil sample pellets were about 1 mm thick. The sample pellets were then loaded into a shielded chamber, which contained air at atmospheric pressure, with optical ports for the laser ablation and photon collection.
Experimental

Sample and sample preparation
LIBS system and measurements
The experimental setup was similar to our previous studies [34, 38] Two uranium emission lines -U I 682.691 nm and U II 424.437 nm were measured in this study.
Herein, the quoted wavelength of an emission line always refers to that emitted from 238 U, even during the discussion of 235 U emission. These two lines were chosen because our previous study [38] , in which a pool of forty-three atomic emission lines of U were simulated for their analytical performance for isotopic analysis, showed that they are the two best lines for isotopic analysis of uranium. Although the isotopic splitting of the U I 682.691 nm line is only moderate (17.7 pm), it is the strongest LIBS line for uranium [38, 39] , and one identified primary factor limiting the precision of LIBS isotopic analysis is photon-shot noise level [38] . The U II 424.437 nm line is the second strongest line measured with our LIBS system, and it possess a larger isotopic splitting (25.1 pm). These two U lines were measured with different gratings. The U I line was measured with a grating with groove density 2400 per mm, which gives a measured spectral bandpass (expressed as full width at half maximum, FWHM) about 18 pm. A higher groove-9 density grating with 3600 per mm, which offers a spectral bandpass of 12 pm, was used for the measurements of the U II line.
Results and Discussion
U spectra and candidate algorithms for isotopic spectral deconvolution
Figures 1a and 1b show the LIBS U spectra at 682.691 nm and 424.437 nm, respectively, obtained at the lowest studied U concentration (1.1% w/w) and the soil blank. The two isotopic components ( 235 U and 238 U) appeared with significant overlap for the U I 682.691 nm line whereas, although unresolved to the baseline, they are adequately resolved at U II 424.437 nm.
The better resolution for the two isotopic components for U II 424.437 nm is attributed to several factors: a larger isotopic splitting, the use of a higher groove-density grating, and negligible hyperfine structure (see next section for further discussion). Although not baseline resolved, it is still possible to extract isotopic composition of the sample from such spectra. Our previous study [34] , with a U-containing sample at natural isotopic abundance, confirmed that the measured U lines are well represented by Lorentzian profiles as a result of Stark broadening.
Therefore, the spectral profiles of 235 U and apply similarly to both isotopic components. As mentioned in the introduction, an objective of the present study aims to understand the effect of treating related fitting variable as independent 11 or linked variables in the deconvolution algorithm. Therefore, the results from five fitting algorithms, which are summarized in Table 1 , were compared with increasing complexity in the constraints. In all these algorithms, the determined atom fraction of 235 U / ( 235 U + 238 U) in the sample is deduced directly from the ratios of A 235 / (A 235 + A 238 ) after spectral deconvolution.
In Algorithm I, no constraint is added -, , , and are all treated as free fitting variables. In Algorithm II, the wavelength differences between the centres of the two isotopic peaks are set to the published isotopic shifts. Algorithm III is based on Algorithm II with an additional constraint that the peak widths of the 235 U and 238 U components are identical; this constrain neglects the hyperfine structure of 235 U and assumes that identical line-broadening effects apply to both isotopic components. Algorithm IV is similar to Algorithm III but takes into the account of hyperfine structure of 235 U and assumes that the sum of all hyperfine structure of 235 U can still be well represented by a single Lorentzian profile with a slightly larger width.
The constant k linking the line widths of 235 U and 238 U is not a fitting variable; rather, it is predefined from theoretical calculation based on the measured line width of 238 U. The calculation and their relations with 238 U line widths will be presented in Section 3.2.
Algorithm V is the most elaborate fitting algorithm; the 235 U spectral profile is no longer treated as a single Lorentzian profile. The hyperfine shift and emission strength for each hyperfine component is first calculated and then fitted to the experimental spectra. Calculation of hyperfine pattern is based on published hyperfine constants and theoretical intensity distribution, and will be discussed in detail in Section 3.2. In Algorithm V, the fitting function for 235 U (i.e., the first term in Equation 1 ) is modified to and 238 U in some cases [40, 41] , which then further complicates the extraction of isotopic information from the spectra. In this section, the theoretical hyperfine patterns for both the U I 682.691 nm and U II 424.437 nm lines are calculated, and the effect of HFS on deconvolution of isotopic components in the atomic spectra is discussed. Throughout this paper, the quoted wavelength of an emission line refers to that emitted from 238 U.
13 interactions between magnetic dipole and electric quadrupole, respectively [46] [47] [48] . As a first step to compute the hyperfine structure, energy shifts for all the individual hyperfine components in both the upper and lower energy levels of the electronic transition were calculated. Energy shift for HFS ( E F ) can be readily evaluated with the Casimir formula [48, 49] :
where A and B are HFS constants, and I, J and F are the nuclear, total electronic and total atomic angular momentum, respectively, and C is defined as Table 4 .
For the U I 682.691 nm line, the principal hyperfine pattern is found with F = 0 (cf. Table 3 ).
The span of energy shifts among these eight hyperfine components with F = 0 is 147 mK, which corresponds to a 6.8-pm shift in wavelength and is a significant fraction compared to the 380 mK isotopic shift, which translates to 17.7 pm in wavelength. The relatively broad hyperfine pattern for U I 682.691 nm implies that the overall 235 U emission profile is broader than the 238 U profile and might even be distorted from a single Lorentzian profile. To further understand the effect of hyperfine structure on spectral deconvolution from the two uranium isotopes, the emission spectral profiles from a 50%-50% U and 238 U spectral profiles, if isotopic analysis is to be performed with a simple two-component Lorentzian fitting of the measured spectrum. Figure 2b provides a guideline for setting the value of k in Algorithm IV (cf. Table 2 ). Figure 3a shows the simulated spectral profiles from a 50%-50% 235 U-238 U sample. Compared to Figure 2a , the line width in the simulation presented in Figure 3a is reduced by half to only 10 pm. Even with a 10-pm line width, the peak heights of the sum of all the 235 U HFS components and the 238 U peak are similar to within 1%. U, yielded a determined isotopic ratio of 59.9%, which is closest to the certified value of 64.37%, among the five studied algorithms. An application of a two-sided t-test at 95% confidence concluded that the determined isotopic ratios from Algorithm V were statistically different from the certified value (i.e., bias was present).
A major reason for the biased results from Algorithm V is believed to stem from the larger-thanone ratio of the measured line width (~19.3 pm) and the isotopic splitting (~17.7 pm). We previously [34] investigated the measured spectral resolution on the accuracy of spectral deconvolution. In that study, a doublet from a Hg emission line with = 29 pm was measured under different spectral bandpass, deconvoluted with two-component spectral fitting, and the ratios of the doublet were then evaluated [34] . When the measured line widths were about 0.5 (i.e., narrower than) the splitting of the doublet, the area ratios of the deconvoluted doublet were within 1% of the theoretical value [34] . However, the accuracies quickly degraded with increasing line widths to ~ 6% and ~ 7% when the widths were raised to about 1.0 and 1.5 , respectively, the splitting of the doublet [34] . In the present study, the measured width at U I 682.691 nm is larger than the isotopic splitting, with a ratio ~ 1.09. The averaged experimentally determined 235 U isotopic ratio from Algorithm V was 59.9%, and exhibited a 7% relative bias from the 64.37% certified value. The bias agreed well with what was expected from the previous Hg-doublet study [34] . once an additional constraint for equal line width was added (i.e., Algorithm III). According to the two-sided t-test at 95% confidence level, results from Algorithm III is not statistically different from the certified value. It is also noted that precision improved as U concentration increased (stronger U emission). As previously discussed, Algorithm IV reduces to Algorithm III for this U II emission line. As the overall 235 U spectral profile can be well represented as a single Lorentzian peak (cf. Figures 3a and 3b) , fitting individual 235 U HFS component (i.e., Algorithm V) offers no further improvement. In fact, paired t-tests (2 sided, 95% confidence) indicate that the determined isotopic ratios from Algorithm III and V are statistically identical. Therefore, isotopic analysis of U could be readily determined with a simple two-component spectral deconvolution, with a well-defined isotopic splitting constraint and only one spectral-width as a fitting parameter for both 235 U and 238 U. A 238 , as well as the plasma-continuum parameters, were the only fitting variables for the evaluation of the blank signals; other parameters (e.g., line width, spectral position) were all fixed parameters and adopted from the averages of the fitting results from those U-spiked soil samples. The calculated detection limits were independent of the employed algorithm for the 19 spectral deconvolution, and were 500 and 2000 ppm for U I 682.691 nm and U II 424.437 nm, respectively. Chinni et al. [39] investigated elemental LIBS analysis of uranium in soil under ambient pressure and reported detection limits range from 260 to 1700 ppm, depending on the emission lines used. Although none of the two U lines employed in this work were included in the six lines studied by Chinni et al. [39] , the detection limits of the two studies are within the same order.
Estimation of detection limits of uranium in soil matrix by LIBS
Conclusion
Isotopic analysis of uranium in spiked soil samples by LIBS operated under atmospheric pressure was demonstrated in this work. The measured atomic emission lines from the two U isotopes -235 U and 238 U were only partially resolved, yet correct isotopic information can be extracted from the spectra through spectral deconvolution. Two important factors are identified for the success of spectral deconvolution for accurate isotopic analysis. First, known physical
properties (e.g., isotopic splitting, line broadening due to hyperfine structure) of the spectral lines must be incorporated into the algorithms as constants. Second, the measured line widths (including both physical and instrumental broadenings) should be narrower than the isotopic shifts.
Although non-linear least-square fitting algorithms typically can locate the combination of fitting parameters that best describes the experimental spectrum even when all fitting parameters are utilized as free independent variables, the analytical results of such an all-free-parameter approach are unsatisfactory. In addition, hyperfine structure could broaden the width and distort the overall 235 U emission profile from a single Lorentzian profile. Also, the total wavelength analysis, the U I 682.691 nm line is well suited for total uranium determination as it is the strongest U emission line measured by LIBS; the detection limit, in the soil matrix, was found to be 500 ppm U. Isotopic analysis can be readily performed with a simple two-component spectral deconvolution on the U II 424.437 nm spectral profile. The determined 235 U isotopic abundance agreed with the certified value for total uranium concentration at 1.1% w/w in the soil matrix. Figure 5b
